Quantitative estimates of the force of adhesion between leukocytes and endothelium were obtained from in vivo hemodynamic measurements in small venules of cat mesentery during topical application of the chemotactic compound AT-formyl-methionyl-leucyl-phenylalanine (FMLP). Simultaneous measurements of upstream to downstream pressure drop, red cell velocity, microvessel hematocrit, and vessel diameter and length permitted application of the principles of momentum conservation to calculate the forces acting upon a leukocyte during adhesion to the endothelium. For venules ranging in diameter from 23 to 49 fim, the ratio of force (acting in the vessel axial direction) to wall shear stress on the endothelium fell from 14.6 x 10"' in small venules to 2.3 x 10"' dynes per dyne/cm 1 in large venules; reflecting the larger pressure drops and forces attendant to greater lumen obstruction in the smaller venules. The equilibrium force representative of a balance between fluid shear stresses on the leukocyte and those at its site of contact with the endothelium ranged from 1.1 to 76.1 x 10 ~s dynes for wall shear stress ranging from 2 to 25 dynes/cm 2 ; with venules with greater wall shear stresses having the greater leukocyte-endothelium shear force. Within individual venules, however, the force acting on a single leukocyte varied inversely with wall shear stress, most likely due to white blood cell deformation, which leads to a lessening of shear stress on the surface of the white blood cell. (Circulation Research 1988;63:658-668) 
I n vivo studies indicate that under normal physiological conditions, leukocytes may roll along the microvascular wall, particularly in venules, but seldom adhere to the endothelium. 1 -3 During inflammation, however, the intimate contact between leukocytes and endothelium progresses to a point where adherence and emigration result, with their occurrence determined by the delicate balance between adhesion forces and hydrodynamic dispersal forces (shear stress). 1 -4 -* In this context, it has been reported that increases in adhesive forces are primarily responsible for increased leukocyteendothelium adhesion (LEA) following topical application of the chemotactic compound N-formylmethionyl-leucyl-phenylalanine (FMLP) to the cat mesentery. 3 The increased adhesion of white blood cells (WBCs) decreased the effective vessel diame-ter because of obstruction of the lumen, thereby influencing vascular resistance to blood flow and modulating hemodynamics and subsequent delivery of WBCs to a site of inflammation.
To fully understand the biophysical and biochemical details of leukocyte-endothelium interactions during the inflammatory response, information on the dynamics of in vivo LEA is necessary. Atherton and Born 7 have estimated the minimum shear stress as well as the minimum force required to dislodge the leukocyte in a blood vessel. Schmid-Schoenbein et al 8 have made in vitro estimates of the force of adhesion using a kinematically and dynamically similar model of the venule-leukocyte system. Although these studies have briefly examined leukocyte-endothelium dynamics, the magnitude of the adhesive interactions between leukocyte and endothelium in vivo has not been systematically investigated. Thus, it was the purpose of this study to quantitate the force of adhesion between WBCs and the endothelium in vivo using a model with which LEA and microhemodynamics can be precisely determined under well-controlled conditions. The model selected was the exteriorized cat mesentery. The mesentery was subjected to suffusion with the chemotactic agent FMLP to induce LEA, during which the effect of adhesion on microhemodynamics was studied in terms of microvessel diameter, red cell velocity, hematocrit, and pressure drop within single unbranched vessels. These hemodynamic variables have been reported previously, 3 whereas in the present study, we focus our attention on the adhesion forces between leukocyte and endothelium.
Materials and Methods
Cats of either sex, ranging in weight between 0.9 and 2.0 kg, were anesthetized with an intramuscular injection of 40 mg/kg ketamine hydrochloride (Ketaset, Parke-Davis, Morris Plains, New Jersey). Sodium pentobarbital (5 mg/kg) was used for supplemental anesthesia and was delivered via the jugular vein at 30-minute intervals or when needed to maintain the initial depth of anesthesia. An intravital videomicroscope was used to observe the microcirculation and measure hemodynamics in the exteriorized cat mesentery. The surgery, experimental setup, data acquisition, and protocol were identical to those described previously 3 in which the effects of LEA on network hemodynamics were explored. In brief, a dual reservoir irrigation system was designed to allow alternate suffusion of the mesentery with Ringer-gelatin solution, with and without the potent chemotactic agent, 10" 7 M FMLP (Sigma Chemical, St. Louis, Missouri). Systemic arterial pressure, vessel diameter, length, red cell velocity, micro vascular hematocrit (HJ, and microvessel pressure drop (AP) were measured in single unbranched vessels under control conditions and during the leukocyte-endothelium adhesion induced by tissue suffusion with FMLP. Microvessel length (L) and lumen diameter CD) were measured either on or off-line by the video image shearing technique. 9 Red cell velocities (V^) along the center line of vessels were measured by on-line cross correlation 10 of light fluctuations using the two-slit technique." H m s were measured by the on-line technique of differential spectrophotometry. 12 Upstream (Pap) and downstream (P<town) intravascular pressures and pressure drop (AP = P up -P d0W1! ) were measured simultaneously using a modification of the dual micropres-sure system described earlier by Lipowsky and Zweifach. 13 Mean red cell velocity (V) was estimated from V*,. by the empirical relation 14 \ = W lt Jl.6.
To present the data in a rheological framework, the wall shear rate (y), apparent viscosity (TJ) ,and wall shear stress (T W ) were calculated. Wall shear rate was estimated from the Newtonian definition 15 : y=8(V/D). Apparent viscosity was estimated from previously determined correlations 12 obtained in the absence of LEA, 77= 1.43+ 0.043 xH m . Wall shear stress was calculated from the product of y and 17.
The number of rolling and adhered WBCs was determined off-line by replaying the videotape in slow motion. To obtain the total number of WBCs in the vessel (including those not always in the diametral plane of focus), the objective was focused up and down along a vertical axis through the lumen during the videotaping. Visible rolling WBCs were counted if they were moving slower than the red blood cells in the same stream. Rolling velocity was determined by frame-to-frame analysis of the videotape. A leukocyte was considered to be adhered to the endothelium if it was stationary for more than 1 second during the duration of the hemodynamic measurements. Adhered cells were expressed as number per 100 /xm of vessel length.
Data Analysis
Analysis of hemodynainic forces that act on a WBC that has adhered to the endothelium has been detailed by Schmid-Schoenbein et al. 2 In general, the resultant force that acts to dislodge a WBC, and in the case of static equilibrium (i.e., a stationary cell), the equal and opposite force of adhesion, is composed of two components: one in the axial tube direction (F) and one normal to the endothelium cell surface (F N ), as illustrated in Figure 1 . Shown there is a free-body diagram for an adhered WBC for the case of a) a symmetric WBC (about a normal to the endothelial surface), where the normal force arising from hemodynamic stresses is zero; and b) a deformed WBC with normal and axial forces and their resultant F R . The mechanical stresses that act on the WBC membrane in the area of adhesion (A) may be represented in terms of the shear stress, T, where F = J T dA, and a normal stress (a) where FN = / & dA. In the absence of F N , a normal stress distribution will act on the WBC over its region of contact with the endothelium to counter the moment that results from F5, where 5 is the distance between the endothelium contact surface and WBC centroid. In this case, / a dA= 0. When F N is present, the distribution of a will be altered to balance F N These forces may arise from two sources: the fluid shearing stresses acting on the WBC surface and the gradients of hydrostatic pressure over the cell surface. Analysis of the low Reynolds number environment within the microcirculation proper (typically 10"*) suggests that the contribution of the pressure distribution on the WBC surface may be an order of magnitude less than that of the shear stresses, 2 and hence we have neglected such effects here as well.
In formulating an analysis of hemodynamic measurements to derive a measure of the force of adhesion, consideration must be given to the relative magnitudes of normal and axial forces. The normal (F N ) and axial (F) components of the total drag force (FR) acting on a WBC are related by F N = F R sina and F = F R cosa, where a is the angle of F R with respect to the tube axis and walls, and is positive toward the vessel centerline. The possibility of an outward F N (a<0) may be excluded for two reasons: 1) adherent and rolling WBCs usually take on a teardrop shape where the leading edge (facing upstream) is thinner compared with the trailing edge (facing downstream), which suggests an inward (a>0) vector component of shear force on the WBC surface; and 2) pure rolling of a WBC along the vessel wall is infrequent compared with saltation (intermittent contact), suggestive of the absence of outward normal forces, which tend to maintain WBC contact with the endothelium. An approximate assessment of the relative magnitudes of F N and F R can be made from observations of the dislodgment of WBCs as they are swept away by prevailing shear stresses. As a WBC leaves the endothelial cell surface, its initial trajectory will be in the direction of F R . Measurements of the angle (a) of departure of a WBC from the endothelium for stationary WBCs revealed a range of 0^a^8° with a mean value of 3.0±2.2 (SD) degrees (n = 40); which would indicate an average value of the normal component of F N /F R = sina = 0.052. Hence, the axial force (F) represents at least 94% of the total (resultant) force acting on the adhered WBC.
The axial force of adhesion (F) was calculated from in vivo hemodynamic measurements by applying principles of conservation of momentum as detailed previously. 12 The momentum theorem of fluid mechanics states that the rate of momentum change within an arbitrary control volume of flow is equal to the sum of the rate of momentum flux into the volume through all surfaces, plus the vector sum of all forces that act upon the wetted surfaces of the volume. Taking the control volume of fluid as shown in Figure 1C (dashed lines), the momentum equation in the axial direction reduces to the following for the case of low Reynolds number steady flow in a tube of cross-sectional area, A, and length, L, with n representing the number of WBCs adhered to the endothelium under static equilibrium:
The first term on the right is the integrated vector component of all shear stresses over wetted surfaces not covered by a WBC, and the second term corresponds to the sum of all axial forces acting on " « " WBCs. It should be noted that the normal force (if significant) does not affect this result. The appropriate equation in the normal direction (i.e., the radial direction in cylindrical coordinates) leads to the statement of static equilibrium, that the vector sum of all normal forces (drag and adhesion components) must equal 0 because no fluid flows through the control volume in the radial direction. Implicit in this analysis is the assumption that the WBCs are sparsely deployed such that the average F per WBC is given by nF = XF ; , and no hemodynamic alterations occur due to clusters of cells. Equation 1 may be simplified in terms of hemodynamic measurements by assuming that shear rates are sufficiently large, which results in a quasi-Newtonian flow; that blood viscosity is a linear function of H m (i.e., i7 = a + bH m ); and that shear stresses on all wetted surfaces are linearly related to the product of 17 and wall shear rate y, where y may be estimated as the Newtonian value S\ axM JD.
By assuming a microvessel of circular crosssection with diameter represented by D, and given a wall shear stress (T W ) on the exposed endothelium, the term JVdS in Equation 1 may be expressed as T W (TTDL -nSi), where S L is the endothelial surface area covered by WBCs. Since S L is substantially smaller than the total wall surface area (S L /TTDL is typically on the order of 10" 3 ), Equation 1 may be written as
We have recently reported that under control conditions, suffusion with Ringer-gelatin, LEA is not statistically different from zero. 3 Thus, the force of adhesion (F) during tissue exposure to FMLP can be computed by taking the ratio of Equation 2 to its form for control (CONT) conditions (n = 0), viz.: 
where () o denotes control conditions. Since the wall shear stress (T W ) is equal to the product of Tjy, Equation 4 may be simplified to the following under the assumption that 17 = a + bH m and -y=8(V/D):
The function <t may be interpreted as a frictional loss factor that accounts for the additional pressure drop resulting from leukocyte adhesion.
From these equations it is evident that, as a result of WBC adhesion, the fractional increase in the net axial force acting on all wetted surfaces within a micro vessel, per unit of wall shear stress and vessel length may be expressed as l) (7) which is related to the number of adhered WBCs by
The utility of denning T as a separate variable rests in the explicit distinction between measured hemodynamic variables (e.g., AP, V^, etc.) and the number of WBCs adhered per unit of vessel length. As shown in "Results," the linearity between T and n/L support the fundamental assumption that the adhered WBCs are sparsely deployed and their effect on the resistance to flow is additive.
Experimental Protocols
Whereas the protocols are similar to those presented earlier, 3 an abridged version is presented here. Hemodynamic parameters under control conditions were determined during 1-2 minute periods of tissue suffusion with Ringer-gelatin solution (no LEA). To induce LEA a dual irrigation system was used to suffuse the tissue with Ringer-gelatin plus FMLP. Diameter, pressure drop, microvessel hematocrit, and red cell velocity were recorded during the 3-minute period of tissue exposure to FMLP, after which the suffusion solution was returned to control. The vessel of interest was observed until measured hemodynamic variables returned within 5% of control. Before execution of another exposure of FMLP, 10-15 minutes was allotted for recovery and reestablishment of control conditions. Statistical analysis was performed using linear regression, paired t test, and the nonparametric Wilcoxon signed-rank test. All significance levels are reported individually.
Results
To examine the applicability of the assumption of static equilibrium made in the derivation of the force balance equations (Equations 4-8), analyses of the kinematics of leukocytes along the venular wall were made. The temporal variation of WBC margination was represented by four categories, where the first two include WBCs whose adherence occurred within the time frame of hemodynamic measurements. These are 1) long-term adhesion, >10 seconds; 2) short-term adhesion, between 1 and 10 seconds; 3) adhesion for less than 1 second that resulted from intermittent and multiple periods of contact with the endothelium (i.e., saltation); and 4) rolling along the endothelium at constant velocity without adhesion. Presented in Table 1 are measurements of the number of WBCs per 100 ptm of venule length obtained during control conditions and at four discrete times after initiation of FMLP suffusion. The first two categories of adhesion are explicitly shown. However, because of the low magnifications used (to permit pressure measurements), a distinction between rolling and saltating could not be made and, hence, categories three and four were combined into a single group. Further, in this case, the number of adhered WBCs could only be estimated indirectly from measurements of the flux of WBCs passing an arbitrary point along the vessel and the average WBC velocity (i.e., cells/100 /im = flux/velocity).
Analysis of the videotapes indicated that WBC velocity during suffusion with FMLP was 2.2 ± 1.3% (SD; n = 2\) of mean blood flow velocity. Thus, as indicated in Table 1 , the rolling and saltating WBC flux contributes at most approximately 0.4 WBCs/ 100 fim interacting with the endothelium during tissue suffusion with FMLP. Because the number of rolling and saltating WBCs could not be determined FMLP.TV-formyl-methionyl-leucyl-phenylalanine. *The control data for resting hemodynamic parameters are the same as those presented previously' since the force balance data presented here were obtained concurrently during these prior experiments on network hemodynamics.
tMean±SD.
for the instant that the hemodynamic measurements were taken, we have neglected their impact on the calculation of forces. Therefore, the force per WBC may be overestimated by a maximum of 5%. It is interesting to note that as the number of long-and short-term adhered WBCs increase with the onset of FMLP suffusion, the number of rolling and saltating cells declines markedly.
In spite of the significant LEA that occurred in venules during tissue suffusion with FMLP, no adhesion was observed in arterioles. 3 Therefore, only venular hemodynamics and force of adhesion between leukocytes and venular endothelium were determined in this study. In Table 2 , data are summarized from 16 venules (diameter, 25-49 fim) under control conditions and during tissue exposure to FMLP. The control values are the average values of 113 measurements during tissue suffusion with Ringer-gelatin, and the FMLP data are the average of 163 measurements during tissue exposure to the chemoattractant. The number of WBCs adhered to the endothelium during control conditions was not statistically different from zero as determined from the Wilcoxon signed-rank test. Following suffusion with FMLP, however, this value increased significantly (p<0.01) to 10.0±7.8 (SD) WBCs/100 fim vessel length. During the increased adhesion both the Newtonian wall shear rate and wall shear stress fell significantly (p<0.05) from 628 ± 301 to 512 ± 274 sec" 1 and 17.5 ±8.4 to 14.2 ±7.5 dynes/cm 2 , respectively. Vessel diameter and H m did not change from control during tissue exposure to FMLP. (The effects of LEA on network hemodynamics have been detailed previously. 3 
)
Using hemodynamic measurements and the number of adhered WBCs per 100 /xm (short-term + longterm) the resultant force of adhesion was determined for the 16 venules. The relative frequency distribution of force of adhesion between leukocytes and endothelium is presented in Figure 2 and was determined from instantaneous values of F, n/L, and T W according to Equations 5-7. The data presented here were obtained during the 15-second windows studied 45, 90, 120, and 180 seconds after suffusion with FMLP. A total of 192 measurements were taken (16 vessels, each having three measure- 
FIGURE 2. Relative frequency distribution of force of adhesion between leukocytes and endothelium. The resultant force of adhesion is presented for 16 venules (25^D^49 \un) as determined from the instantaneous values ofT, n/L, and r w according to analysis presented in "Materials and Methods."
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ments at four different periods); however, only 163 points are presented because there was no LEA during 29 measurements. While shear forces ranged from 1.1 to 76.1 xlO" 3 dynes, 80% of the values were less than 20.0 x 10" 3 dynes. The data described are characterized by a log-normal probability distribution with a mean shear force of 12.1 ± 13.8 x 10" 5 (SD) dynes. Although the number of adhered WBCs increased with time during tissue suffusion with FMLP (Table 2) , no correlation was found between adhesive shear force and time after FMLP suffusion.
To delineate the effect of wall shear stress, Newtonian wall shear rate and vessel diameter on leukocyte-endothelium shear force, the calculated shear force was presented as a function of these rheological parameters (Figure 3 ). The data for T W (trends for y were similar and are not presented here), F, and D are the mean values for an individual venule during tissue exposure to FMLP and are divided into groups based on T W . It is apparent that as T W increases from 3.0 to 20.9 dynes/cm 2 , force increases from 3.3 to 21.0 dynes. Linear regression on the data indicate that there is a positive correlation (p<0.01) between average T W and F so that vessels with greater wall shear stresses (and hence shear rates) have greater leukocyte-endothelium shear forces. With regard to the effect of vessel diameter on the shearing force, as presented in Figure 3 and confirmed by linear regression on these data, there is no correlation (p<0.63) between these two parameters. To illustrate changes in leukocyte-endothelium dynamics, Figures 4, 5, and 6 present data for T versus WBCs adhered per 100 /im venular length, F/T W versus T W ., and F versus T W ., respectively, for three representative venules chosen from the range of diameters studied. Data from these same three venules are presented in Panels A, B, and C of In all 16 venules, a statistically significant (p<0.05) linear regression was obtained (solid lines) for F versus number of WBCs adhered/100 pm vessel length (Figure 4 ). It is evident that for each venule, F increases dramatically during the increased LEA that occurs during tissue suffusion with FMLP. Furthermore, there is a positive correlation (p<0.001) between the regression slopes of T versus n/L and vessel diameter ( Figure 4D ). Since the slope of F versus n/L is equal to F/T W (from Equation 7), the data indicate that the smaller the venular diameter, the greater the force acting on an adhered WBC for a given T W .
Trends of F/T W versus T W , computed using Equation 7, are presented in Figure 5 for three representative venules. The curves indicate that as T W is diminished F/T W increases, suggesting that the force acting on an individual WBC decreases disproportionately less than T W . This relation held for all 16 venules studied although only 12 venules could be described statistically by a linear regression (p<0.05). Shown in Panel D are the regression slopes versus diameter obtained for the 12 venules that could be described by a linear regression. A linear regression of these data and a dashed line representing an eyeball approximation of these trends are shown. The data suggest that for venules below 30 /xm in diameter, the shearing forces increase dramatically for a given level of T W as vessel diameter is diminished.
Force computations from the data in Figure 5 are presented in Figure 6 and demonstrate that the net shearing force on the WBC increases as T W is diminished in an individual venule. A similar relation was observed in 15 of the 16 venules studied, although only nine venules could be described by a linear regression (p<0.05). The slopes of these regressions are plotted as a function of diameter in Figure 6D and indicate that the force per unit of T W within an individual vessel does not increase dramatically as vessel diameter is diminished, as evidenced by the poor linear regression of the slope against diameter ( Figure 6D ). This behavior probably arises from the alterations in the F versus T W relation due to deformation of WBCs within a given vessel.
Discussion
The specific aim of this study was to elucidate the force of LEA by application of the principles of momentum conservation during induced LEA. Visual and hemodynamic measurements were found to support the assumptions employed in the analysis. Review of videotapes indicated that LEA was not concentrated in a few areas but that WBCs were show typical data for force (F) vs. T W for three venules of different diameters. Least-squares regressions (solid lines) are plotted for the data in each panel.
Panel d is a summary plot showing slopes of the regressions for the nine venules that could be described by a linear regression as a function of vessel diameter.
sparsely deployed along the length of a given venule. The Reynolds numbers were found to be low, ranging from 0.003 to 0.105, suggesting negligible inertial pressure losses. With regard to assumptions that the blood demonstrates a quasi-Newtonian viscous behavior, the acquired data indicated that shear rates were greater than 100 sec" 1 supporting the assumption of quasi-Newtonian blood flow. 12 Calculation of the force of LEA indicates that values range from 1.1 to 76.1 x 10" 5 dynes with a mean of 12.1 x 10~3 dynes. These estimates are in good agreement with in vitro estimates of the shearing force acting on a WBC adhered to the endothelium made by Schmid-Schoenbein et al. 8 In that study, calculations were made using a kinematically and dynamically similar model to that of the in vivo system and indicated that shear force between a WBC and the endothelium should range from 4x 10" 6 to 23.4 x 10" 5 dynes. Furthermore, the current estimates of force are in agreement with in vivo data from preliminary studies by Atherton and Born, 7 which indicate that the force of adhesion per leukocyte is of the order of 1.5 x 10~3 dynes, as well as Lipowsky et al, 12 which that indicate that shear force between leukocytes and the endothelium during hemorrhage is 6.5 x 10~3 dynes.
The frequency distribution of shearing forces between leukocyte and endothelium is character-ized by a log-normal probability density distribution. The well-defined peak of the distribution suggests that the measured forces are characteristic of a common equilibrium point between hydrodynamic shearing forces and adhesive forces. In all likelihood, the mean shear force is close to the point of maximal adhesive shear stress that can be tolerated before the WBCs are swept from the endothelium.
In theory, for a WBC to adhere to the endothelium, the adhesive forces must be sufficient to prevent the leukocyte from being swept away by hydrodynamic dispersal forces. In this context, the adhesion forces are determined by the number of bonds formed between WBC and endothelium. 16 Using a theoretical framework for the analysis of adhesion that is mediated by bonds between specific molecules such as antigen and antibody, Bell 16 reported that the force required to break one bond is 4x 10" 6 dynes. If this value can be applied to LEA in cat mesentery, then the current data suggest that there are approximately 30 bonds between an adhered WBC and the endothelium or 1.8 bonds per square micrometer during the LEA that follows topical suffusion with FMLP. The latter was determined using the values reported by Schmid-Schoenbein et al 8 for the contact area between the leukocyte and the endothelium (the mean contact area of 1.66 x 10~7 cm 2 was based on values from their Table 3 ).
It is evident that to elucidate the mechanics of cell adhesion during an inflammatory process one must understand the mechanism whereby chemotactic agents such as FMLP increase adhesive forces between WBCs and endothelium. Recent work indicates that there are high-affinity receptors for FMLP present on the surface of leukocytes 17 and cultured endothelial cells. 18 The binding of formyl peptides with their receptors has been shown to trigger metabolic events culminating in various functions such as mobilization of adhesion proteins to the surface of the leukocyte. 19 -21 For example, Harlan et al 22 have shown that glycoproteins of the adhesion complex CDwl8 play an intimate role in leukocyte-endothelium interactions because blocking this complex with a monoclonal antibody (60.3) prevents LEA in vitro as well as in vivo. 23 Similarly, Springer et al 21 have found that monoclonal antibodies specific for the glycoprotein pi50,95 prevent adhesion in vitro and that chemotactic agents such as FMLP stimulate a fivefold increase of the adhesion complex on the surface of the WBC. This increase was not blocked by inhibitors of protein synthesis, suggesting that the presence of the adhesion molecules on the surface of the WBC was due to mobilization from preexisting intracellular pools, 2021 most likely membranes of granules in PMNs. 24 Increased appearance of adhesion complexes on the surface of WBCs following exposure to FMLP is consistent with increased LEA and force of adhesion between WBCs and endothelium as described in the current study.
The present study indicates that shearing forces between WBCs and endothelium vary with changes in T W . Figures 5 and 6 suggest that as T W increases, the force acting on an individual WBC decreases, most likely due to deformation of the WBC. This finding is in contrast to the prediction of Schmid-Schoenbein et al, 8 who found in model experiments with rigid spheres, an increase in force with increasing T W . In general, for a given WBC shape (state of deformation), force will indeed increase with increasing T W (see Equation 8 ). However, WBCs are not rigid particles, and during increases in the surface stresses acting upon them, they can deform by stretching in the direction of flow, and by virtue of their constant volume, their effective height, relative to the vessel diameter, may diminish. This process is indicated schematically in Figure 7 , where a "pill-box" model of a WBC in a channel flow is shown for the analogous two-dimensional vessel geometry. The WBC is approximated by a rectangular cell of height (h) and length (S), with cell volume given by the product hS. As the cell deforms from an initial state, () 0 , the area available for fluid flow increases, thus decreasing the shear rate (y) and shear stress (TJ on the surface of the cell. The net force on the WBC arises from the product T C S, which may decrease if T C decreases more rapidly than S increases with deformation. This process may be quantitated by assuming one-dimensional flow behavior. By flow conservation, the mean velocity of the stream over the surface of the cell (VJ is related to that upstream in a cell-free region (V.) by V m = V 00 D/(D-h). Shear rates on the surface of the cell may be estimated accordingly as y=kV 00 D/(D-h) 2 . For a constant viscosity (17), the shear stress (TJ on the cell surface (S) may be estimated as T C = f\y=TJ¥I(P -h) 2 , where T W is the wall shear stress on the exposed endothelium. Noting that F = T c S = T c vol/h, where vol = cell volume, hS, then the force of adhesion (F) may be derived in terms of £=h/D as
Given that £, is the initial fractional height of a WBC (ho/D) in the presence of a wall shear stress (TWO), then the initial axial adhesion force, F o , may be obtained as This analysis may be extended to the case where f is a specific function of T W . Although quantitation of WBC deformation during exposure to shear stresses could not be made in this study because of the low magnification used to facilitate micropressure measurements, leukocytes have been shown to be deformable particles as assessed by micropipette experiments 25 Figure 7B is a family of parametric curves depicting F* versus £/£, for specific values of £, in the face of a constant T W , that is, T* = 1. Each curve has a minimum at £/£, = (3£,)~\ which results in F* decreasing with decreasing £/£, for Vi<^,<\. The corresponding curves for F* versus T* obtained from Equation 12 with £ varying exponentially with T* are shown in Figure 7C . Each curve of this family has a minimum F* when £,e~( T *~" = (1 + T*)/(1 + 3T*), which for T* = 1 yields that for 0.5<£,<l, F* will initially decrease with T* increasing above 1.
Thus, it is evident that as the WBC deforms, either in response to an imposed shear stress, or in keeping with a cell that might actively spread out over the endothelium in response to a chemotactic agent, the axial adhesion force may decrease by virture of reductions in the shear rates on the cell surface, as suggested by the in vivo data.
It must be emphasized that the precise correspondence between \ of the simple model and the extent to which a spherical WBC encroaches upon the lumen of a tubular venule cannot be readily ascertained. Clearly, for a 7-/im diameter WBC and venular diameters ranging from 25 to 50 fim, the physiological range of £, would vary from 0.28 to 0.14, respectively. Thus, the apparent in vivo range of £, would fall well below the critical values of one third (for T=constant) and one half [for £=£(T*)]. However, the in vivo flow field is substantially different from the Newtonian fluid assumed in the model. It has been demonstrated that the velocity profiles of red cells in small venules are substantially blunted, 26 which suggests a marked difference between viscosities of the axial core of red cells and the plasma layer within which adhered WBCs are situated. In this case, the geometry of Figure 7A would be more appropriately modelled as a Couette flow, where the upper wall moves with a velocity corresponding to that of the peripheral boundary of the higher viscosity red cell core. In that case, the effective in vivo values of £, will be increased toward the height of the WBC relative to the thickness of the plasma layer. Although a full analysis of such flow behavior is beyond the scope of the present study, it can be concluded that there is a potential theoretical basis for the inverse relation between force and shear stress measured here.
Hence, in the case of increasing T W the WBC will deform to a maximum extent beyond which force will begin to increase with further increases in wall shear stress. This point is not observed in the current study, presumably due to attainment of the maximum adhesive stress that the bonds between WBC and endothelium can withstand, beyond which the WBCs are swept from the endothelium.
In summary, quantitative estimates of the force of adhesion between leukocytes and endothelium have been computed by applying principles of conservation of momentum to hemodynamic measurements obtained in venules of cat mesentery. The data indicate that increases in LEA during tissue suffusion with FMLP are due primarily to increases in adhesive forces with a mean force of attachment between leukocytes and endothelium of 12.1 x 10" 5 dynes. The number of bonds needed to obtain this shearing force has been estimated at 30 bonds per leukocyte or 1.8 bonds per square micrometer. Furthermore, increases in shearing forces during decreases in shearing stresses are believed to be the result of WBC deformation, the extent of which may play a substantial role in sequestration of leukocytes at an inflammatory focus on the endothelium. Finally, the current study of the biophysical basis of leukocyte endothelium interactions in tandem with studies being conducted in other laboratories on the molecular basis of LEA should aid in elucidating the complexities of the inflammatory response.
